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Abstract
Modular reconfigurable robotics consist of modules that can join together to form
larger entities capable of changing their morphologies for improved versatility,
robustness, and cost. Coupling mechanisms play a key role in these systems, as they are
the component connecting the modules and enabling the robot to change shape. Coupling
mechanisms also define the structure, rigidity, and function of modular systems.
This paper details the development of the autonomous coupling mechanism for
SHREWs, a modular reconfigurable system of rovers designed to explore the
permanently shadowed regions of the Moon. The coupling mechanism allows the
modules to connect and form collaborative caravan formations, providing enhanced
mobility in uncertain terrain and enabling the rovers to self-rescue when immobilized.
The coupling system must withstand operational loads while the SHREWs are
driving, and is designed to minimize cost, mass, and energy consumption. Other
considerations include misalignment tolerance, power transmission, roll and yaw DOFs,
ease of fabrication, and the ability to dock in darkness. The full design approach of the
mechanism will be presented, including the development of initial concepts and the
detailed design of the mechanical, electrical, and software components. The final
prototype uses a computer vision algorithm to guide a robotic boom toward the opposite
rover, where it docks by placing a spring-loaded plug connector into a funnel-shaped
receptacle. Testing of the system and recommendations for further iterations will be
discussed, as well as potential future applications of autonomous coupling in the context
of NASA’s Artemis program.
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1. Introduction
1.1 Project Background
As part of NASA’s Breakthrough, Innovative and Game-changing (BIG) Idea
Challenge, I worked with a team of Dartmouth engineering students to develop an
innovative mobility solution called SHREWs: Strategic Highly-compliant Roving
Explorers of other Worlds [1]. The 2020 BIG Idea Challenge theme was to develop a
unique concept that could be used to explore and operate in Permanently Shadowed
Regions (PSRs) near the Moon’s poles. SHREWs are modular and reconfigurable rovers
designed to descend into craters in PSRs and gather data to support lunar in-situ resource
utilization.

Figure 1: SHREW module

Inspired by blind shrew pups, which link head-to-tail to form a caravan behind
their mother as they travel across the forest floor, SHREW rovers are able to form
collaborative caravan formations using an autonomous coupling mechanism. This
modular capability provides enhanced mobility in uncertain terrain and enables the rovers
to self-rescue when immobilized on the Moon. SHREWs have four independently driven
wheels, and the terrestrial prototype has a total mass of 21.4 kg. Each independent
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module has an expanding mid-frame that allows for inchworm-like movement and
compact transport. They also have passive yaw and roll freedom on each axle, which
allows the rovers to closely comply with changes in terrain and change driving
configurations for both straight-travel and turning. In this paper, I will be focusing on the
design of the rover’s coupling mechanism, which enables the system’s modular,
reconfigurable capabilities.

Figure 2: SHREW rovers in caravan configuration

1.2 Research Context
1.2.1 Modular Reconfigurable Robotics
SHREWs are classified as modular robots because they are a system of
independent modules that can join together to form a larger entity with new capabilities.
The rovers are able to change their shape both as independent rovers and when in a linked
caravan, so they are also referred to as reconfigurable robots. There are three main
motivations for designing modular reconfigurable robotics systems over traditional
fixed-structure robots: versatility, robustness, and cost [2]. Because modular robotic
systems can reconfigure into new shapes, they are capable of optimizing their
morphology for different tasks. This potentially makes them more versatile than
conventional systems. Modular robots can also be more robust, as their unique structure
can enable them to self-repair or self-rescue when immobilized [3]. When one module in
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the robotic system fails, another module can take its place to continue operation. Lastly,
modular systems can potentially have a lower overall cost because they are composed of
several identical elements that can be fabricated in bulk [4].
Modular reconfigurable robots are most likely to be useful in environments that
are particularly difficult or dangerous for humans to access, such as space, the deep sea,
and collapsed buildings or mines. In these cases, modular robots are capable of
reconfiguring their shape in response to unforeseen obstacles and unknown terrain. For
space exploration, modularity could also be used to reduce shipping mass and volume, as
a reconfigurable robot that can accomplish several tasks would be more efficient than
multiple fixed-structure robots tailored to specific tasks [5]. A lunar vehicle assembled
from multiple smaller payloads could also be easier to transport than a larger all-in-one
vehicle.
The category of modular reconfigurable robots can be further broken down into
subcategories: Whole Body Locomotion (WBL) and Mobile Configuration Change
(MCC) [6]. Whole Body Locomotion systems include robots that are only capable of
locomotion when the modules are connected together; their mobility is enabled by their
ability to self-reconfigure. WBL robots are constructed from chain, lattice, and hybrid
architectures. Chain modular robots are arranged into string or tree formations, which
allow them to reconfigure into snake, wheel, quadruped, and other shapes. The lattice
architecture is similar to the chain architecture, except the modules are arranged in a 2D
grid or 3D lattice rather than in linear shapes. WBL robots with a hybrid architecture can
reconfigure into both chain and lattice structures.
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Figure 3: M-TRAN III, a Whole Body Locomotion system

Mobile Configuration Change systems consist of modules that can move
independently or connect into group configurations that produce new capabilities. Most
often, robots in the MCC category form chain architectures, where they use coupling
mechanisms to connect head-to-tail into a linear caravan. SHREWs are classified as
MCC modules, and can be compared to other robots in this category, such as the
Swarm-bot and JL-I systems [5]. The Swarm-bot system is composed of modules with
treads called S-bots that weigh 700 g and measure 12 cm in length, width, and height [7].
Each S-bot is independently mobile, and can autonomously connect to other S-bots using
robotic grippers. When connected, the robots are capable of lifting each other off of the
ground in a chain formation. The JL-I system is composed of tracked modules that
measure 43 cm long, 25 cm wide and 15 cm tall [7]. One module is able to couple with
another by inserting a cone-shaped connector into a funnel cavity, where it is locked in
place with actuating sliders. There is a spherical joint built into the connector that allows
three degrees of freedom between each module.
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Figure 4 and 5: Swarm-bot and JL-I

Compared to the Swarm-bot and JL-I systems, SHREW rovers are much heavier
and larger, measuring 0.98 m long, 0.69 m wide, and 0.49 m tall. In recent years, the
focus for modular robotics has been to develop WBL systems with modules that are only
100-150 mm long. SHREWs present an opportunity to study the advantages of a larger
modular system that is capable of providing greater thrust and carrying heavier loads than
existing MCC systems.

1.2.2 Coupling Mechanisms
Coupling mechanisms play a key role in modular robotic systems, as they are the
component connecting the modules and enabling the system to change shape. Coupling
mechanisms also define the structure, rigidity, and function of modular systems. I will
examine properties of autonomous coupling mechanisms, which require sensory feedback
and control algorithms to operate in unstructured environments without human guidance
[9].
For reconfigurable robots to autonomously couple, the docking interfaces must be
able to align with high accuracy and tolerate some amount of positional and rotational
5

misalignment. Additionally, the coupling system must be mechanically strong, so it can
withstand operational loads and ensure reliability and repeatability. Other considerations
for the design of coupling mechanisms include power-transmission capabilities,
connector orientation and compatibility, power consumption, speed of connection, and
the ability to disconnect when a module fails [6].
Autonomous coupling mechanisms can be described based on key design
attributes including gender, actuation, symmetry, and misalignment tolerance. If a
coupling mechanism is gendered, it is composed of separate male and female connectors;
if it is bi-gendered, any two connectors can couple. Actuation methods determine how
coupling mechanisms align and maintain a connection; most modular robots use motors
or electromagnets. Lastly, symmetry and misalignment tolerance explain how modules
must be oriented in order to successfully couple. Symmetric coupling mechanisms can
dock in more orientations than asymmetric ones, and different mechanisms have varying
amounts of translational and rotational misalignment that they can tolerate [9].
Most autonomous coupling mechanisms can be classified in the following
categories: pin and hole, hooks, shape matching, and magnetic coupling. Pin and hole
mechanisms work by locking pins in place after they are inserted into holes on the
opposing module. Hook or gripper mechanisms connect by grabbing holes or grooves on
the opposing module, and often do not require additional actuation to lock the
connection. This family of coupling mechanisms is simpler than other solutions, but
requires precise control in order for the end effector to be successfully aligned. Shape
matching mechanisms are more complex, as they are composed of two identical
connectors that can interlock. The advantage of these mechanisms is that they are
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genderless: if one module fails, the connection is broken. Magnetic and electromagnetic
coupling mechanisms are also often genderless, and they are capable of some amount of
self-alignment [8].

2. Concept Development
To start the conceptual development phase, I determined qualitative requirements
for the rover’s coupling mechanism. The mechanism should be designed to minimize
cost, mass, and energy consumption, and must withstand operational loads while the
SHREWs are driving. It should also have a large misalignment tolerance, because the
rovers will be operating in an uncertain environment with small rocks and craters. The
SHREWs must be able to dock in total darkness, and when connected, they should be
able to transfer power. The coupling mechanism should also have independent roll and
yaw degrees of freedom to match the DOFs for the SHREW’s front and rear axle.
Similarly, the docking mechanism should be capable of expanding and contracting like
the rover’s midframe, to enable inchworm-like locomotion between each pair of wheels
in the caravan. The system should be mechanically simple so it can be easily fabricated
and implemented by our team, and the number of actuators should be minimized to
reduce software and electrical design complexity.
With these requirements in mind, five coupling concepts were formulated: the
ball hitch, Venus flytrap, pintle hitch, handshake, and funnel plug mechanisms. The ball
hitch is inspired by tow hitches attached to the back of vehicles, and involves directing a
robotic boom with a ball socket onto a ball mounted to the opposing module. The ball
socket clamps down on the ball and forms a ball joint connection. The Venus flytrap is
7

basically the same mechanism in reverse: the robotic boom has a ball on the end that is
entrapped by a clamping socket on the other rover. Both of these connection concepts
allow for three degrees of rotational freedom, however they require additional actuation
to lock the connection, and do not include any interface to transfer power between
modules. The pintle hitch mechanism was inspired by the lunette ring trailer hitch, and
features a pintle hook that closes around a passive tow ring. While this concept is
mechanically simple, the connection allows for more relative motion between rovers and
is less secure than other hook-type mechanisms. I also considered the handshake concept,
which is a shape matching mechanism that requires both modules to have robotic booms
mounted to their frames. On the ends of the booms are identical connectors that can
interlock and transfer power. The handshake concept is more complex than the other
concepts, as it requires precision alignment and actuators to direct both booms.
The funnel plug mechanism consists of a robotic boom with a connection plate on
the end attached with a ball joint (Figure 6). The boom guides the plate into a
funnel-shaped receptacle, where it is pressed against electrical contacts to allow for
power transfer between modules. The ball joint allows the connection to have three
degrees of freedom while also keeping the plug aligned for transferring power. While the
concept does not have the failsafe capabilities of the handshake mechanism, it is less
mechanically complex and only requires two actuators to complete the docking process.
A third actuator could also be added to enable the boom to change length for inchworm
locomotion. Additionally, the funnel design allows for additional tolerance to
misalignment when coupling. Moving into the design phase, the funnel plug was selected
as the most suitable mechanism for coupling the SHREW rovers.

8

Figure 6: Funnel plug mechanism concept

In order for the rovers to autonomously connect in an unknown environment, the
coupling mechanism must have some form of sensory feedback. Modular rovers most
often use IR sensors for alignment, however ultrasonic sensors, Hall Effect sensors,
photodiodes, lidar, and cameras are also used. For the SHREW’s coupling mechanism, I
decided to use a camera to locate and guide the boom toward the docking receptacle.
While proximity sensors could also be used for alignment, I selected a camera because it
is capable of both medium and short range positioning and can identify obstacles between
the rovers that could obstruct docking. Furthermore, the camera could be used for other
purposes, including taking pictures of the environment and monitoring the rover for
broken or malfunctioning components.

3. Design Overview
Prior to starting design of the coupling mechanism, I determined key technical
specifications based on the resources available to our team and the requirements already
determined for other subsystems of the rover. This set of technical specifications is shown
in Table X. The design requirements for the full rover were separated for the lunar and
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terrestrial prototypes; I will focus solely on the terrestrial design of the coupling system
as this is the primary focus of this paper.

Table 1: Technical Specifications
Specification

Justification

Quantification

Mass

Mass optimization is crucial due to the high
cost of transporting payloads to the Moon. The
terrestrial prototype was allotted 24 kg total,
with a 2 kg allotment for the coupling
mechanism.

<2 kg

Cost

Given our team’s budget and the goal to build
two functional rover prototypes, $1000 was
allotted for the coupling mechanism.

<$1000

Distance between coupled
rovers

Connected rovers should be far enough apart
that their wheels will not collide while driving
in a caravan configuration.

>35 cm

Stroke distance of extendable
boom

In order to achieve a similar inchworm motion
of the rover’s expanding mid-frame, the
extendable boom should have a similar stroke
distance.

~30 cm

Positional misalignment
tolerance (distance)

This specification should be determined by the
accuracy of the rover’s positioning system.
Absent this information, the stroke distance is
used as a minimum value.

>30 cm

Positional misalignment
tolerance (height)

A height difference of one wheel diameter was
used.

~30 cm

Rotational misalignment
tolerance (yaw)

The rovers should be able to couple when they
are not directly facing each other.

± 45°

Maximum pull load

As a worst case load, the weight of one rover
on Earth was used, pulling on the front face of
the hitch.

240 N

Max operating voltage

The operating voltage of the rover is 30 V, so
the linking mechanism cannot exceed this
value.

30 V
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3.1 Mechanical Design
3.1.2 Motor Selection
The first step in designing the coupling mechanism was to identify the actuators
required for the coupling process. As discussed in Section 2, the rovers will be coupling
using an extendable boom with pan and tilt control. To make the boom extend and retract,
I decided to use an electro-mechanical linear actuator with an internal lead screw. Based
on the required distance between coupled rovers and the desired stroke distance of the
extendable boom, I selected the Progressive Automations PA-14P linear actuator with a
30 cm stroke length and a retracted length of 45 cm. The linear actuator is equipped with
built-in potentiometer feedback for precision position control and is capable of applying
667 N of dynamic force.

Figure 7: Extendable boom assembly with linear actuator and servo motors

Next, I selected the actuators for pan and tilt motion. Using the mass of the linear
actuator and estimated mass of the end effector, I calculated the torque required to pan
and tilt the boom. With these values I selected the Hitec D645MW servo motor and 7:1
servo gearbox from ServoCity, which together are capable of providing 17.3 N-m of
torque. Servo motors were chosen over stepper motors because they have built-in
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encoders for precision motion control, and for models within our budget, they provide
higher dynamic torque. Based on my torque calculations, the servo gearboxes have a
safety factor of about two, and should be capable of pointing the linear actuator toward
the other rover for coupling.
To connect the servo gearboxes, I used off-the-shelf aluminum channeling and
brackets to build a pan and tilt assembly. I then mounted the assembly to the 80/20
framing on the front of the rover using screws and 80/20 slide-in T-nuts. For mounting
the linear actuator to the tilt servo, I designed a custom aluminum adapter that was
machined with a CNC mill.

3.1.3 Plug Design
The plug on the end of the robotic boom has two main functions. First, it should
make an electrical connection between coupled rovers, allowing for the transfer of power
even when there is rotational misalignment. Second, it should enable the mechanical
coupling of the rovers, keeping them connected when in a caravan configuration and
allowing them to disconnect when desired.
For the electrical connection, I examined a number of methods for transferring
power in modular robots. Most autonomous docking mechanisms use pin connectors or
electrical contacts, which require precise alignment to make a connection. I also
investigated inductive chargers, which are used to wirelessly charge cell phones. After
considering design complexity, desired efficiency, and the required charging voltage, I
determined that electrical contacts would be best suited for this prototype, and would not
require additional actuators to make the connection. For the front of the plug, I designed a
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circular disk made of 3D printed PLA with flat copper bars protruding out of the plastic
in a radially symmetric pattern similar to a coaxial power connector or a DC car outlet.
The raised conductive surface is symmetrical to allow for power transfer when the rovers
are rotationally misaligned, with the center contact serving as power and the outside ring
of contacts as ground. The receptacle will have an identical pattern of electrical contacts
as the plug, with wires connected using screws and ring terminals.

Figure 8: End effector plug assembly

To provide a suitable contact force between the surface of the plug and the
receptacle, I connected the plastic disk to a circular aluminum plate with four spring
plungers. When the plug is inserted into the linking envelope, the embedded wave springs
provide 66 N of contact force between the plug contacts and the contacts in the
receptacle. The aluminum plate will serve as the strengthened backing to the
spring-loaded plug – when the rovers are coupled, the plate will handle the pull load
while the plastic front maintains electrical contact. In order for the plug to make contact
with the receptacle when the rovers are misaligned, I connected the backing plate to the
end of the linear actuator with a ball joint linkage and a custom aluminum connector. The
ball joint allows the plug to rotate so that the rovers can turn while in a caravan
configuration and still maintain the electrical connection. To add stiffness to the ball joint
13

and prevent the plug from drooping, I used a piece of rubber tubing around the stud
behind the backing plate.

3.1.4 Docking Receptacle Design
For the docking receptacle, I decided to use aluminum sheet metal, as it is
lightweight, strong, and can be cheaply fabricated by an online manufacturer. The design
consists of a front plate that guides the plug into the slot while it is in contact with the
rear plate. The front plate has a V-shape above the slot that is bent outward so the springs
in the plug will become more compressed as it is lowered into the receptacle. The funnel
shape of the receptacle allows the robotic boom to dock even when it is not pointing
directly at the center of the rover.

Figure 9 and 10 : Docking receptacle when rovers are coupled and with high power LED

To optimize the weight of both plates, I performed an FEA stress simulation in
SolidWorks to identify the minimum thickness required for a robust mechanical
connection between the rovers (Appendix A). The plates are connected with four
off-the-shelf machine brackets, and the receptacle is attached to the rover frame with
80/20 slide-in T-nuts. At the bottom of the back plate, there is a circular plastic disk that
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is 3D printed from PLA. Similar to the front of the plug, five flat copper bars are
embedded into the plastic as contacts for transferring power between rovers. On the front
plate, a 3D printed holder is mounted for the green tracking object and high power LED.

3.2 Electrical Design
The primary objective of the electrical design was to provide power to the
coupling mechanism actuators, microcontrollers, LED, buzzer, and electrical contacts.
Additionally, the microcontroller should be able to connect and disconnect power for the
servo motors depending on if the rover is actively docking. When the docking process is
complete, power should be disconnected from the servos to allow the boom to freely
move based on the direction of the caravan. This was done using two solid state relays
which can be switched on and off with the Arduino’s digital output pins. The technical
specifications for all electrical components are listed in Table 2.
Table 2: Electrical Component Specifications
Component

Input Voltage

Current Draw

PA-14P Feedback Linear Actuator

12 V

No load - 1A
Stall - 5 A

Hitec D645MW Servo Motors (2)

7.4 V

No load - 500 mA
Stall - 2650 mA

Arduino Due

6-20 V

800 mA

Raspberry Pi 3 B+

5.1 V

500 mA

Cree Xlamp XM-L2 LED

3.3 V

3A

Cylewet Electronic Buzzer Alarm

3-24 V

15 mA @ 12 V

CPC1709J Solid State Relay

1.2 V

9A
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All power for the coupling mechanism was sourced from the rover’s main 12V power
supply, which is connected to the 30V Ultralife UBBI-13 battery. The linear actuator and
Arduino were both powered directly from the 12V supply, and a 5V DC/DC converter
was used to power the Raspberry Pi. To provide power for the servo motors, I used an
adjustable buck converter. Trimmer potentiometers were used to connect the solid state
relays to the Arduino output pins. The full electrical layout is shown in Appendix B.
To enable the Arduino to control the linear actuator, I used the MegaMoto Plus
H-bridge. The MegaMoto shield allows for speed control using PWM signals and powers
both the actuator and the potentiometer. The servo motors are also controlled by the
Aruino’s PWM pins.

3.3 Software Design
All of the actuators in the robotic boom are controlled by two microcontrollers: an
Arduino Due and a Raspberry Pi 3 B+. The Raspberry Pi is responsible for interfacing
with the Pi Camera Module V2, which is used to track the LED mounted to the docking
receptacle. The Raspberry Pi locates the LED using the OpenCV computer vision library
and sends the coordinates of the LED to the Arduino board, which orients the boom to
the desired position and extends the linear actuator to the receptacle. The object tracking
program on the Raspberry Pi is written in Python, and is a modified version of the ball
tracking script found on the PyImageSearch blog [10]. The program for controlling the
actuators is all original code and is programmed using the Arduino language.
During the docking process, the Raspberry Pi program continuously loops
independently of the Arduino program. It starts by grabbing the current frame from the
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camera input and converting it to the HSV (hue, saturation, brightness) color space,
which is often used in computer vision algorithms for object detection. The HSV color
space is useful because it more closely aligns with how humans perceive color than the
RGB color space. The program then filters the image with the desired range of HSV
values, which are determined prior to compiling using a calibration script. The calibration
script enables the user to adjust the minimum and maximum HSV values to isolate the
LED for tracking. After applying the HSV mask, a series of dilations and erosions are
performed on the image pixels to remove noise and isolate any shapes. A function is then
used to find the largest contour in the binary image and compute the minimum enclosing
circle within the contour. The radius of the circle and the coordinates of the circle’s
centroid are then sent to the Arduino Due using Serial communication. In order for the
Raspberry Pi and Arduino to communicate, the coordinates and radius values must be
encoded from a string in the form “x310 y430 r18” into bytes.
On the Arduino board, there are multiple steps in the docking procedure. First,
power is connected to the servo motors and the boom is moved off of its stand and
positioned 45° above the ground. Because of the camera's limited field of view, the boom
must then go through a sweeping procedure until the LED is in its frame. This is done by
repeatedly panning it from left to right and decrementing the tilt servo to lower it closer
to the ground. Once the Arduino receives Serial data from the Raspberry Pi, the LED
must be in view and the sweeping loop is terminated. Next, the program begins the
procedure of moving the boom to point at the docking receptacle. The coordinate values
sent from the Raspberry Pi must be parsed from the string and then compared with the
reference values for where the LED should be positioned in relation to the camera. The
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position commands for the pan and tilt servos are then incremented or decremented until
the coordinates from the camera match the reference coordinates. After this loop
terminates, the radius of the LED object is parsed from the string and used to calculate
the distance that the linear actuator needs to extend. This is done using a linear equation
derived from a plot of object radius vs. distance (Appendix C). PWM commands are then
sent to extend the linear actuator to the desired distance. To complete the docking
procedure, power is disconnected for the pan servo and the boom is slowly lowered into
the receptacle slot. Tilt servo power is then also disconnected and the linear actuator is
retracted. A flowchart demonstrating the software architecture for both microcontrollers
is shown in Figure 11.

Figure 11: Software architecture of Raspberry Pi and Arduino microcontrollers
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4. Implementation and Testing
Implementation of the coupling mechanism was broken up into smaller elements
that were independently tested before being integrated into the full system. To start, I
connected the camera to the Raspberry Pi and tested the object tracking program. Once
the camera could reliably identify the circular object, I established Serial communication
with the Arduino and connected the servo motors and linear actuator. All of the
electronics prototyping at this stage was done with a solderless breadboard. I then
repeatedly ran the full docking procedure, making small adjustments to the code until the
robotic boom could consistently dock into the receptacle slot. Once the system was fully
functional, I mounted the coupling mechanism onto the rover frame and integrated it with
the rest of the electronics. All of the wiring on the breadboard was transferred to a printed
circuit board and packaged inside a small junction box.
Several tests were conducted to verify that the rovers could autonomously form a
mechanical and electrical connection when misaligned. First, I tested the rovers while
they were directly facing each other, varying the distances between them with each run. I
verified that the rovers could autonomously couple when they were within 50-80 cm of
each other, which is the full stroke distance of the linear actuator. Next, I placed the
rovers 70 cm apart and repeatedly ran the docking procedure, increasing the angle
between them with each run. The rovers were able to dock when facing each other within
±45 degrees; past this angle the end effector plug would not successfully slide into the
receptacle slot. The rovers were also able to dock when there was a height difference of
15 cm. Further testing is required to determine the maximum height difference tolerated
by the system.
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Figure 12 and 13: Testing of coupling mechanism in light and darkness

Figure 14: Docking test with rotational misalignment and height difference

All of the misalignment testing was done with the lights on in the lab – I also
verified that the rovers could dock in total darkness, with the boom tracking the LED
rather than the colored disk. Figure 13 shows a photo taken during this test. In addition to
testing the rovers’ ability to mate mechanically, I also verified that the two vehicles could
make an electrical connection to transfer power. This was done by adding a 12V circuit
with a buzzer to the docking receptacle electrical contacts and connecting the power and
ground contacts on the face of the plug. When the boom successfully docks in the
receptacle, the buzzer sounds, demonstrating that the electrical contacts on the plug and
receptacle are in contact and the circuit is closed.
While the misalignment tolerance and overall consistency of the coupling
mechanism could be improved with further improvements to the software and mechanical
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design, the results of these tests verify that the system is capable of coupling two rovers
in several orientations. Furthermore, the system met all of the original design objectives
outlined in Section 2, and is viable as a low cost autonomous coupling mechanism for
mid-sized robotic modules.

5. Additional Work
5.1 Further Testing
There are a number of tests that have not yet been conducted but are important for
evaluating the functionality of the coupling mechanism. While the electrical connection
between the plug and receptacle was verified with the 12V buzzer, further testing is
required to determine the efficiency of the connection and the viability of using the
system to transfer power between rovers. Each rover uses a 30V battery, so the plug must
have a suitable voltage and power rating to enable one vehicle to charge the other.
Locomotion testing is necessary to observe the mobility of the rovers while in a
linked caravan configuration. A drawbar pull test is also recommended to quantify the
difference in net thrust between a single rover and multiple rovers linked together. The
results of these tests will be useful in determining if the modular, self-reconfiguring
aspects of the rover’s design will actually improve maneuverability on steep and
unpredictable terrain. Additionally, there are several tests that should be performed to
determine the reliability of the linking mechanism and the guidance algorithm. This
includes repeatedly running the docking procedure to identify the rate of failure and
testing how changes in lighting conditions affect docking. After implementing a
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positioning system, the rover should be tested for reliability in successfully driving,
parking near another rover, and docking.

5.2 Modifications for Lunar Design
The coupling mechanism discussed in this paper is designed for a terrestrial rover
prototype, so a number of modifications are required for operation on the Moon. Dust
mitigation is one of the greatest challenges for the system design, as fine soil (<1mm) and
dust particulates (<20μm) can contaminate moving parts and cause abrasion [11]. The
main locations of dust contamination on the robotic boom include the two servo
gearboxes, the linear actuator, and the end effector. Our solution to protect the gearboxes
and linear actuator is to wrap all exposed areas with a sealed sleeve that still allows for
full actuation of the extendable boom. The sleeve will be made of beta cloth, a tightly
woven, Teflon-coated fabric that has been used on the Apollo Missions, the International
Space Station, and the Curiosity Rover [12]. Beta cloth has been proven to resist
contamination by lunar dust and meets the temperature and durability requirements for
operation on the Moon.
The end effector and docking receptacle also face challenges related to dust
contamination. With the terrestrial design, the electrical connection is dependent on the
direct contact between conductive pads on the surface of the plug and the receptacle.
Dust adheres to materials on the Moon both mechanically and electrostatically, which
would likely hinder the rovers’ ability to make the electrical connection. We have
developed three potential solutions to this issue. First, the surface of the plug and
receptacle could be equipped with brushes that remove dust particulates during the
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docking procedure. Nylon and PTFE brushes could be used, as they have been tested for
the purpose of removing lunar dust from thermal control surfaces [13]. Another concept
that is currently in development places electrodes on the surface of a panel to repel
charged dust particles using an electromagnetic field. This method could potentially be
applied to the surfaces of the plug and receptacle to expel dust from the electrical
contacts. Lastly, the overall design of the plug could be modified so it does not require
the use of electrical surface contacts. This could be done by adding a small linear
solenoid that would insert pin connectors into the receptacle through a permeable
membrane. Honeybee Robotics has designed a connector prototype that uses a similar
penetration method to successfully withstand lunar dust [14].
Besides dust mitigation, the main modifications for the lunar version of the
coupling mechanism involve selecting materials and fabrication methods that reduce the
mass of the system and provide thermal protection. The linear actuator used in the
terrestrial prototype is not designed for lunar operation, and at 1.3 kg, it is the heaviest
component of the robotic boom. Rather than using an off-the-shelf actuator, the boom
could be redesigned with a custom carbon fiber housing for the lead screw. All of the
actuators could also be sized down because the lower gravitational force on the Moon
results in reduced loads and torque requirements. For further mass savings, the Arduino
and Raspberry Pi could be redesigned as custom components that are able to withstand
the Moon’s extreme temperature changes. All of the electronics for the coupling
mechanism will be enclosed in the rover’s warm electronic box, which is designed to
remain within a temperature range of -40°C to 60°C [1].
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6. Conclusion
6.1 Strengths and Limitations
Overall, the completed mechanism fulfilled most of the initial design objectives,
and is capable of autonomously coupling larger MCC system modules. The system
allows SHREW rovers to mechanically couple so they can drive in a caravan
configuration, as well as connect electrically for transferring power. The guidance
algorithm, plug design, and funnel-shaped receptacle all allow for some tolerance to
misalignment, and the system is capable of functioning in total darkness using only three
actuators and one sensor. The mechanism also has three independent degrees of freedom
and is capable of inchworm-like locomotion similar to the rover’s midframe. Lastly, the
mechanism met the cost and mass specifications, and the design was simple enough that
it could be fabricated with limited manufacturing resources during the COVID-19
pandemic.
The system also has several limitations that need to be addressed in future
iterations. While the coupling mechanism is capable of aligning and coupling when the
rovers are misaligned, the docking procedure is unreliable. This is somewhat due to the
limitations of using a single camera for alignment, as the vision system cannot precisely
detect the distance between the modules. Furthermore, the system requires calibration
whenever there is a change in lighting, which would be an issue when the rovers are not
in total darkness. I would recommend implementing proximity sensors to supplement the
camera during the docking process and light sensors to detect the current lighting
conditions. In addition, the guidance algorithm could be optimized to more efficiently
locate and track the LED object, which would increase the connection speed. The
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mechanical design of the plug and receptacle could also be improved to increase
reliability. Currently, the sheet metal funnel is ineffective in guiding the plug into the
receptacle slot. This is due to the material and geometry of the funnel; the plug cannot
smoothly slide into the slot because the thin receptacle plate has too much friction.
As discussed in Section 5.1, further testing is required to determine the
mechanical strength of the system while driving. Based on vibrations in the boom, the
brackets connecting the servo motors to the rover’s frame likely need greater structural
support to withstand long-term operational loads. Additionally, the hobby servo motors
should be replaced with more durable actuators to extend their operational lifetime. The
current servos started to produce reduced torque after repeatedly lifting the boom and
rotating during coupled driving.
My final recommendation for the next iteration of the coupling mechanism would
be to modify the design so it could enable modules to couple when positioned
side-to-side. As discussed in Section 1.2.1, the majority of MCC systems have chain
architectures, with modules configured into a linear caravan. If the rovers were capable of
docking side-to-side as well as head-to-tail, they could form 2D grid configurations that
could add new capabilities for a larger range of tasks.

6.3 Further Applications
The primary application of the SHREW rovers was to serve as a mobility solution
for NASA’s Commercial Lunar Payload Services program. The modular rovers could be
used in PSRs in the lunar south pole to search for lunar resources, test in-situ resource
utilization concepts, and perform lunar science. However, an autonomous coupling
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mechanism like the one designed for the SHREW rovers could also be used for other
lunar applications in the Artemis program, such as excavation, construction, and mining.
A long-term objective of the Artemis program is to establish a sustainable
presence on the Moon. By the end of the 2020s, NASA proposes to establish Artemis
Base Camp, a lunar outpost used for long-term economic and scientific activity [15]. Due
to human limitations in a lunar environment, autonomous robots could be used in the
building of landing pads, habitats, and roads for the outpost. Rather than transporting
heavy specialized construction vehicles to the moon, smaller reconfigurable modules
could join together to form makeshift bulldozers or dump trucks that could move soil,
rocks, and other materials. In addition to construction and excavation capabilities,
modular reconfigurable robots could also be developed for mining water ice and other
lunar resources, as well as completing other large tasks on the Moon.
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Appendix A: FEA Simulation Results
For the design of the linking envelope’s front plate, sheet metal was selected
because it is relatively lightweight and inexpensive. SolidWorks simulation (FEA) was
used to select the thickness of the sheet metal, as shown in the table. For the simulation, a
240 N load was placed on the envelope, representing the full weight of a SHREW. This
scenario was simulated for several thicknesses of Aluminum 5052, as well as ABS plastic
sheeting. The max von Mises stress and resulting safety factors are shown in the table.
Based on these simulations, 0.063” aluminum sheet metal was selected.

Simulation Results, Selected Design Highlighted in Yellow.
Material
Aluminum
5052
Aluminum
5052
Aluminum
5052
ABS Plastic

Thickness
(in.)

Max
Yield Strength
Von-Mises
Safety Factor
Stress (MPa)

Mass (g)

0.08

53.6

3.6007

198

0.063

85.8

2.2494

158

0.05

134.8

1.4318

124

0.125

22.3

0.9596

109

ABS Plastic

0.1875

10

2.1400

165

ABS Plastic

0.25

6

3.5667

219

29

Appendix B: Electrical Layout
Diagram created by Joshua Elliott:
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Appendix C: Plot of Object Radius vs. Distance
Linear equation used for calculating the distance between rover modules:
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Appendix D: Project Code
HSV Calibration Code:
https://github.com/jrosebr1/imutils/blob/master/bin/range-detector
Raspberry Pi Code:
https://github.com/chris-lyke/Coupling-mechanism/blob/6b72b5d1668e314d568e779e9c
6d771d602c98de/connectorArmRaspi.py
Arduino Due Code:
https://github.com/chris-lyke/Coupling-mechanism/blob/3a2b96b98a4e01761b366da6b6
6c226de8a580e4/connectorArmArduino.ino
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